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NIST

Mission: to develop and promote
measurements, standards, and
technology to enhance productivity,
facilitate trade, and improve the
quality of life.

Programs:

e Advanced Technology Program - $4 billion in cost-
shared partnerships with industry since 1990

e NIST Laboratories

e Also
— Manufacturing Extension Partnership MEP

-~ Baldrige National Quality Award



NIST Laboratories

Manufacturing
Engineering

Building and :
Fire Research, :

Chemical
Science and ;ech_nology
Technology ervices

Materials Science Electronics and
and Engineering Electrical Engineering

Standard Reference Materials: 7,300 products available
31,000 units sold/year
Standard Reference Data: 90 types available
5,500 units sold/ year
Calibrations and Tests: 3,000 items calibrated/year
Laboratory Accreditation: 819 accreditations
Standards Committees: 440 NIST staff, 970 committees
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Standards for MEMS

* Developed by consensus

* Types of Standards
- Measurement Methods
- Packaging
- Manufacturing
- Terminology

* NIST can also provide
- Standard reference materials
- Calibrations

Michael Gaitan, NIST



Today’s Topics

 cif-MEMS (cMOS IC Foundry MEMS)
- Introduction
- Devices

» Standards Activities
- Test Structures/Standards






Commercial Examples

MOVABLE

Analog Devices Texas Instruments
Accelerometer Deformable Mirror Display

Michael Gaitan, NIST



Challenge: How does one integrate
MEMS with CMQOS ?

Monolithic Integration



Fabrication of MEMS

* Full Custom
- Ex: BSAC, Stanford Nanofab, ...
 Fabrication House

- Ex: ISSYS, Micralyne, MEMS Exchange

* Foundry
- Ex: Cronos (MEMSCAP)

Michael Gaitan, NIST



Integrate with CMOS?

» Embedded
- Ex: Analog Devices Accelerometer

« CMOS Last
- Ex: Sandia’s IMEMS

» CMOS First
- ci-MEMS

Michael Gaitan, NIST
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cif-MEMS: IC Design and Post-Process

MEMS
precursors

—» ( Post-process )| —» Devices

electronic
submission
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cif-MEMS (CMOS IC Foundry MEMS)

C.EE I 6 Nmma ® November 1992
THE MAGAZINE OF ELECTRONIC AND FHOTONIC SYSTEMS

Melding Micromachined
Devices with CMOS

November 1992
http://www.mosis.org/Products/mems.html

Michael Gaitan, NIST




Photobit — CMOS Imager

File Edit Go  Bookmarks Tools Help
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cif-MEMS

Analog/Digital
Circuits Area

Silicon Micro-Machined

Michael Gaitan, NIST
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CMOS Post Processing Techniques

polysiicon
passivation

Aluminum

| — field oxide/

CVD oxide Top-S|de SI|ICOn etCh

I

polysilicon
I_Alumlnum /_ — passivation

e T Bottom-side silicon etch

; ‘ o
Silicon Wofer

Etched Cavily Alurminum
{ — passivation
' +—field oxides
m@n Victer

coece  Sacrificial etch
Michael Gaitan, NIST
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cif-MEMS

* Elements are composed of thin films
used in the CMOS process

- (or deposited post-CMOS)

* The Micromachined Elements Are:

- Thermally
- Mechanically
- Electrically

Isolated from the substrate

Michael Gaitan, NIST
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CMOS IC Cross Section

Poly Substrate

.Pad Openlng. - Via o S

Metal 2

Metal 1

Poly .

Michael Gaitan, NIST
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Stacked Via Open

Pad Opening
Via

Poly
Contact

Substrate
Contact |

Parameswaran, et. al., Sensors and Actuators 19, 289-307 (1989)
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Substrate Poly Glass
Contact Contact ! /

Open
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cif-MEMS

Anisotropic Si Etching

Open
‘/_l S10,

S1

v

“Wet” Anisotropic Etch Step
EDP (ethylene diamine pyrocatechol water)
TMAH (Tetramethylamonium Hydroxide)

|

Michael Gaitan, NIST
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Anisotropic Etching Apparatus




Wet Anisotropic Etching

- EDP

- Available commercially form Transene Inc. (PSE-300)
- http://www.transene.com

 Etch Container
- Available from Transene, Model 5000

Additional information - Fundamentals of
Microfabrication: The Science of Miniaturization,
Second Edition, M. Madou, CRC Press (2002) 29
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Device Examples

- Thermal-Based Elements

Thermal Displays, Microhotplate Gas Sensors,
Convective Accelerometers, Flow Sensors, Vacuum
Sensors, Microchemical Reactors

- Microwave Elements

Spiral Inductors, Coplanar Transmission Lines,
Antennas, Resonant Filters, Power Sensors

- Electromechanical Elements
Resonators, Accelerometers, Micro mirrors

23
Michael Gaitan, NIST



Example: Microheating Element

Before EtcH 150 x 150 mm

~ Ref: M. Parameswaran, A. M. Robinson, D. L. Blackburn, M. Gaitan, and J.
~ Geist, “Micromachined Thermal Radiation Emitter form a Commercial CMOS
~ Process,” IEEE Electron Device Letters, 12 (2), 57-59, February 1991.

24
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Microheating Element

Michael Gaitan, NIST
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Thermal Array

16x16 Array
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Thermal Array (16x16)
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Ref: M. Gaitan, M. Parameswaran, R. Barry Johnson, and Ronald Chung,
"Commercial CMOS Foundry Thermal Display," Proc. SPIE, Orlando, FL, April 1993.



Thermal Display (128x128)
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Ref: R. B. Johnson, R. Chung, and M. Gaitan, “Real-Time Infrared Scene Generation Technology and Its
Application in the Test and Calibration of Infrared Sensors and Seekers,” Proceedings of GOMAC, Orlando,
Florida, 145-148, March 18-21, 1996.



Microhotplate Gas Sensors
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Convective Accelerometer

-

Thermocouples

Michael Gaitan, NIST

Etched pit

Poly heater

120

Freq = 100 [HZ]
100 Power = 22 [m\W]
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#]World Leader in Dual Axis Thermal Accelerometer Solutions - Microsoft Internet Explorer

File Edit ‘Wiew Faworites Tools  Help

OBack < X| gl . 5. Favorites b‘)l‘ﬂedia {:‘;‘

& | hikpef fene memsic, carnymermnsic)

-l ©

MEMSIC is a semiconductor company that specializes in
MEMS {Micro Electric Mechanical Systerns) ICs
MEMSIC accelerometer procuct {Integrated Circuits), MEMSIC has developed and
demonstration chosen by brought to market a uniqgue MEMS-based accelerometer
Automotive Mews az one of the that contains no roving parts,
"coolest" applications st the recent Our product cornbines the sensor and associated
SAEWiorld Congress, March 4-7, electronics onto a single chip that is manufactured on a
2002 in Detroit, b1, standard, sub-micron CMOS process. The accelerometer
provides the highest lang-terrn reliability and Dual Axis The
performance available today at an unprecedented low Accelerometfy
Memsgic Compatible with cost. '
Parallax Basic stamp But you might ask .... Why Memsic?

BUY NOW

Memsic part MXD21256L is being New product offeringsii!

uzed by the toddler robat (2 MEMSIC offers pin-for-pin compatible products with
wealking tyvo legged robat) for analog Devices without compromising quality and
making accurate messurements of performance

lit &ned reacting to them. The * Typically half price of 14-lead CERPAK

Toddler uses the Bazic stamp (AD®L2021QC/ARQC)

microcontroller from Paralla. * Highest long-term reliability and performance at low
cost

& Internet

http://www.memsic.com




cif-MEMS

|sotropic Etching

Open
‘/_1 S10,

S1

“Dry” Isotropic Etch Step
XeF, (Xenon Difloride)

Pister Group, UC Berkeley

Commercial Tool: XACTIX

Michael Gaitan, NIST
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cif-MEMS

Hybrid Etch — Combines Isotropic with Anisotropic Etches

Isotropic Etch Step
XeF,

Anisotropic Etch Step
TMAH, EDP

Ref: N. H. Tea, V. Milanovic, C. Zincke, J. S. Suehle, M. Gaitan, M. E. Zaghloul, and J, Geist, “Hybrid Postprocessing
Etching for CMOS Compatible MEMS,” Journal of MicroElectroMechanical Systems, 6 (4), 363-372, December 1997.

Michael Gaitan, NIST
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Example: Microwave Elements

Coplanar Transmission Line (CPW)
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from CMOS process etching micromachining

Hybrid Etch
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Transmission Line Characteristics

Measured Data
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Ref: V. Milanovic, M. Igor, D. C. DeGroot, J. A. Jargon, M. Gaitan, and M. E. Zaghloul, “Characterization of
Broad-Band Transmission for Coplanar Waveguides on CMOS Silicon Substrates,” IEEE Transactions on
Microwave Theory and Techniques, 46 (5), 632-640, May 1998.

Michael Gaitan, NIST
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Microwave Power Sensor

Power vs. Output voltage measurements

; 100
" Frequency = 40.1 GHz
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Ref:V. Milanovic, M. Gaitan, and M. E. Zaghloul, “Micromachined Thermocouple Microwave Detector by Commercial
CMOS Fabrication,” IEEE Transactions on Microwave Theory and Techniques, 46 (5), 550-5563, May 1998.

Michael Gaitan, NIST
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Today’s Topics

* ci-MEMS (cmos ic Foundry MEMS)
- Stacked Via Open

==p - RIE Open (ASIMPS)

e Test Structures/Standards

Michael Gaitan, NIST
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ASIMPS Post-CMOS Micromachining

Gary Fedder, Carnegie Mellon University (CMU)
Application-Specific Integrated MEMS Process Service

........................

G. Fedder et al., Sensors & Actuators A, v.57, no.2, 1996



ASIMPS Post-CMOS Micromachining

=

Open

Metal mask layer

G. Fedder et al., Sensors & Actuators A, v.57, no.2, 1996



ASIMPS Post-CMOS Micromachining

—

Composite beam

Anisotropically
Ecthed Pit
G. Fedder et al., Sensors & Actuators A, v.57, no.2, 1996



ASIMPS Post-CMOS Micromachining

ASIMPS: AMS 0.6 mm, 3-metal

http://www.ece.cmu.edu/~mems/projects/asimps

Prof Gary Fedder, CMU (http.//www.ece.cmu.edu/~fedder)



Today’s Topics

* ci-MEMS (cmos ic Foundry MEMS)
- Stacked Via Open

- RIE Open (ASIMPS)

= ¢ Test Structures/Standards

Michael Gaitan, NIST
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Test Structure Standardization

Task Group Descends On Micro-Technology ° ASTM ( American
A ASTM task is working with tiny mechanical parts smaller than the 1 1
Wid?h of a huqniar:é rl?e:Ji[r:., \R’c::!?roé ﬁw?::oeltlec{romechanica[ systems (MEMS) stant: SOCI ety fo r TeStI n g

dardization is under way in Task Group E08.05.03 on Structural Films and Elec- d 1

tronic Materials, under Subcommittee E08.05 on Cyclic Deformation and Fatigue a n M ate rl a I S TaS k
Crack Formation, in Committee E-8 on Fatigue and Fracture. Scientists experi- G E 0 8 O 5 O 3

enced in fatigue and fracture and/or creep-process are sought for development of rO U p . .

MEMS test methods. . .
In these tiny systems, barely visible gears, hinges, motors, and other mechanical esta b I I S h ed I n 1 9 98

components are manipulated by
micro-tweezers and probes, and
viewed with scanning electron micro-
scopes. “Imagine everything in day-
to-day life being miniaturized: gears,
wheels, motors, turbine engines,
everything. My whole fatigue testing
machine fits on a silicon chip a few
hundred microns square,” said Task
Group Chairman Chris Muhlstein, a
materials scientist in the Materials Sci-
ence and Engineering Department,
University of California, Berkeley.

* Activities
- Residual Stress
Standard Test

Method (Round
Robin in Progress)

LIRTESY OF SANDIA NATIONAL LABORATORIES

MEMS are made from combina-  gpyler than the width of a human hair, micro- A
tions Of]'h mcrltai;;, cerarln ics, and polz- scopic gears of this type are used in po]’ysilicun = E I aStI C M Od u I us
mers. “The little nozzles on your ink-  microengine transmissions, an important appli-
jet cartridge are probably one of the cation for new ASTM standards. Standard TeSt

(CONTINUED ON NEXT PAGE) M eth Od

ASTM STANDARDIZATION NEWS, JUNE 1999 9
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MEMS Industry Group

W MIG: METRIC 2003: Making MEMS Mainstream - Mozilla Firebird

M=%

File  Edit

QOGO

Wiews Go Bookmarks Tools

g NIST Email

MEMS INDUSTRY GROUP

htkp: v memsindustrygroup, org/mettic2003) about, asp el ,)

MONDAY, OCTOBER 20, 2003

AlA ‘

M

METRIC

SEPT. 18-19, 2003

METRIC 2003 CONFERENCE
About the conference
Testimanials

Conference Location
Schedule Of Events
Inforrmation For Press

FAQ

Contack Us

Regizter Mow!
Fefer this site to a friend

Feturn to MIG web site

METRIC 2003
September 18 - 19, 2003, Pittsburgh, PA | Register Now !

ABOUT METRIC 2003

METRIC (MEMS Technology Roadmap and Industry Congress) is the
annual meeting for the members of the MEMS Industry Group (MIG),
METRIC is not a typical conference, It is a collection of working groups
made up of MEMS industry professionals who have worked together for
nearly a year to break down issues affecting the commercialization of
MEMS technology. At METRIC, these working groups meet in person with
other invited attendees to formulate recommendations and conclusions
based upon months of primary and secondary research conducted by
MIG, In January 2004 the results of the working groups will be published
in the form of MIG's annual Industry Report,

This years METRIC will focus on the issue of the reliahbility of MEMS
devices, At METRIC, MIG will deliver a "reliability workbook" that will be
used as a tool during sessions, This workbook will include results of an
extensive survey of MEMS companies, fabricators, and labs, documenting
the failure modes for every type of MEMS device and application. The
workbook will also include case studies and supplemental research. It
will be the goal of the working groups to suggest ways that the issue of
proving reliahility of MEMS devices can become simpler and more cost
effective.

This year, METRIC will include several panels to complement the working
groups, Each panel is made up of leaders in the MEMS industry; users of |s

i Bal

Dane

Michael Gaitan, NIST

METRIC 2003
Reliability Workshop

Held in Pittsburg PA
Sept 2003

44



SEMI: international MEMS Steering Group (IMSG)

W SEMI: Microelectromechanical-systems (MEMS) - Mozilla Firebird E]@
File Edit View Go Bookmarks Tools Help

69 @ ‘:_] % hitp:/ v semi.orgfwebweonkent, nsffurlimemshome ¥ J) E q u i p m e nt I n d u Stry

B MIST Email
~
. SeMmI.0rg—The Semiconductor G rO u
j/ semli Industry’s #1 Bookmark p

and Materials ional

HOME | HELP | REGISTER. | SITEMAP | SEARCH | CONTACT US | PRINTER-FRIENDLY =

Upcoming Workshops

Microelectromechanical-systems (MEMS)

MEMS technologies are producing products which are revalutionizing existing markets and creating
entirely new anes. These novel technologies are enabling the widespread use of Microsystems

Technology (MST) in our daily lives. B OStO n .

HIGHLIGHT:

SEMI has approved the creation of an International MEMS Sterring Group (IM3G) as well as the creation S 1
of a global MEMS Standards technical committee. Membership to both groups is free. For more p rl n g

information please contact Bettina VWeiss at bweissi@semi.org

IMSG Charter, Bylaws and Membership form: IM5G Charter and Bylaws and Membership form. pdf

WMEMS Standards Committee membership form:  MEMS Standards Membership Form. pf

SEMICON West:
Summer

Next events:
SEMI Europe will hold itz 8th MEMS Standardization meeting on 18 June in Erffurt-Germany

SEMICON West 2003 will faature a MEMS Pavilion, Standards related meetings and a conference on
Microsystemns: Lessons Learned from the Semiconductor Industry.
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MEMS Technology Timeline

Growth
Standards

'90s MEMS Foundries RF, Optical
ASTM MEMS Test Structures .
(1998) DRIE for MEMS NanO'B|O
(Klassen, 199
MCNC MUMPS

(DARPA 19988~ ADI IMEMS

. . (DARPA 1993)
’80s Surface Micromachining  vicomotors CMOS cif-MEMS through MOSIS
(NIST, 1991)

Hieh (eniEnie; 1986) Silicon accelerometers commercialized

Polysilicon surface micromachining

Pressure sensors commercialized

Silicon as a mechanical material
(Honeywell and others, 1970’s @ . ! !

(Peterson, 1982)

Q Silicon accelerometers and pressure sensors
(late 60’s)

Anisotropic etching of Si
(Finne & Klein, 1967)

Westinghouse resonant gate tran
(Nathanson, 1965) (i)

Isotropic etching of Si

(early 60’s) - - =
Bulk Si Micromachining

Piezoresistivity in Si

(Bell Labs, 1954)



Summary

» ci-MEMS is a Path to CMOS Integration

- ASIC - ci-MEMS
- Compatibility with IC foundry fabrication
- Cost effective

* Interest in Standards is rapidly growing

- We need your help

Michael Gaitan, NIST
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